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COMBINED PLASMA REACTOR CATALYST SYSTEMS FOR EFFECTIVE 
EMISSION CONTROL OVER A RANGE OF OPERATING CONDITIONS 

BACKGROUND 

5 Worldwide, there is increasing pressure to reduce petroleum usage in 

transportation applications. The major drivers for this are requirements to reduce the rate at 
which we are consuming limited supplies of fossil fuels and to reduce emissions of major 
greenhouse gas, carbon dioxide, C0 2 . A primary method to improve fuel economy and 
reduce C0 2 emissions from internal combustion engines is to operate under lean air/fuel 

1 0 ratio conditions. Lean burn engines, including both lean burn spark ignition and 

compression, i.e., diesel, engines, offer substantial benefits in improved efficiency and 
reduced fuel consumption and C0 2 emissions. A major factor limiting the widespread use 
of lean burn engines for transportation applications, particularly in passenger cars, is the 
lack of satisfactory technology for the control of tailpipe emissions, especially, emissions of 

1 5 oxides of nitrogen, NO x and particulates, that contribute to localized air pollution. 

Today, most spark ignition, gasoline-fueled vehicles are equipped with 
three-way catalysts ("TWC") for the control of hydrocarbons, HC, carbon monoxide, CO, 
and oxides of nitrogen emissions. Three-way catalysts are highly effective in controlling 
emissions engines operated at or near a stoichiometric air to fuel ratio. However, when 

20 operated under lean conditions, where excess oxygen is present in the exhaust gas mixture, 
three-way catalysts lose their effectiveness in controlling emissions produced by the engine. 

Lean burn engines, particularly diesel engines, also produce significant 
quantities of particulate emissions. Particulate emissions are carbonaceous in nature, 
contribute significantly in atmospheric particulate pollution, and are believed to be 

25 mutagenic or carcinogenic. Therefore, a great deal of research has been directed to the 
development of methods for eliminating NO x and particulate emissions from lean bum 
engines. However, to-date, all known methods have at least one serious flaw that limits 
their effectiveness. The leading candidate technologies for the control of NO x in lean burn 
engines are selective catalytic reduction, SCR, andNO x storage and reduction, S&R, and 

30 the leading candidate technology for the control of particulates is catalytic particulate traps, 
typically in the form of flow through monoliths or ceramic particulate traps. 

Selective Catalytic Reduction fSCR) with Hydrocarbons 

The three-way catalysts used for emission control in motor vehicles are 
35 non-selective in the reduction of NO x . As a result, in the presence of excess oxygen, the 
reductants present in the exhaust, i.e., HC, CO, and H 2 , are preferentially oxidized by excess 
oxygen in the reaction: 
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NO x + 0 2 + HC/CO/H, - NO x + 0 2 + C0 2 + H 2 0. 



The N0 X remains unreduced, as long as excess 0 2 is present. 

In contrast, selective catalytic reduction (SCR) of NO x requires a catalyst 
5 capable of 'selectively' reacting NO x with one or more of the reductants present in the 
exhaust in the presence of excess oxygen in the reaction: 



NO x + 0 2 + HC/CO/H 2 - N 2 + 0 2 +- C0 2 + H 2 0. 



10 The N0 X is first preferentially, i.e., selectively, reduced to N 2 . Then, only after the NO x is 
reduced, is the HC, CO, and/or H 2 oxidized to water and carbon dioxide by the oxygen. 

In the past ten years, a great deal of work has been performed in both 
industrial and academic laboratories on the development of catalysts for the selective 
reduction of NO x . See, e.g., M. Shelef, "Selective Catalytic Reduction of NO, with N-Free 

15 Reductants", Chem. Rev. 95, 209-225 (1994); and , A. Fritz and V. Pitchon, "The Current 
State of Research on Automotive Lean NO x Catalysis", Appl. Catal. B: Environ., 13, 1-25, 
1997, the teachings of which are incorporated herein in their entirety by reference. This 
work has resulted in the identification of a number of catalytic materials that demonstrate at 
least some selectivity for NO x reduction, where the selective reductant for NO x is typically 
20 HC in the reaction 

NO x + HC + 0 2 -N 2 + 0 2 + C0 2 + H 2 0. 



Selective catalytic reduction catalysts can generally be placed in three 
25 categories, precious metals, base metals supported on acidic supports, and acidic oxides. 
Useful precious metals include platinum, Pt, palladium, Pd, rhodium, Rli, ruthenium, Ru, 
and iridium, Ir, where Pt is generally the most active. Useful base metals include, but are 
not limited to, copper, Cu, which is one of the most active base metals, cobalt, Co, iron, Fe, 
germanium, Ge, and cerium, Ce, and other metals that have been shown to be active. 
30 Useful acidic support materials for the base metal catalysts include Zeolites, which are some 
of the most active acidic support materials available for the base metals catalysts. One of 
the most active and most studied base metal catalyst systems is Cu/ZSM-5, where ZSM-5 is 
a specific zeolite type. Useful acidic oxides include, but are not limited to, A1 2 0 3> 
Al 2 0 3 -Si0 2 , Ti0 2 , and Zr0 2 . The unique performance characteristics of these selective 
35 catalytic reduction selective catalytic reduction catalysts as a function of temperature is 
illustrated in Figure 1 for Pt, Cu/ZSM-5, and solid oxides. In particular, platinum functions 
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as a selective reduction catalyst between about 200 and about 3Q0°C, the Cu/ZSM-5 system 
functions as a selective reduction catalyst between about 300 and about 500°C, and the solid 
oxides, which are preferably acidic, function as selective reduction catalysts between about 
500 and about 700°C. 

5 For each of these catalyst systems, the NO x conversion efficiency increases 

with increasing temperature to a maximum level, and then declines at higher temperatures. 
This is in contrast to the temperature dependence of three-way catalyst systems that 
light-off at low temperatures and reach a maximum conversion efficiency that is maintained 
with increasing temperature. Therefore, with selective catalytic reduction catalyst 

10 technologies, there is a temperature 'window' of operation for maximum performance, 
which is generally relatively narrow, e.g. , on the order of about 100° to about 200°C, and 
no single catalyst technology is effective over the range of temperatures found in a vehicle 
exhaust As a result, no single catalyst system has the performance characteristics needed to 
provide the NO x reduction required over the full range of operating conditions encountered 

15 in a vehicle. 

Although many of the details concerning the mechanisms involved in 
selective catalytic reduction catalysts are still being studied, some generalizations can be 
made that aid in understanding the temperature dependence of these reactions, and also 
provide insight into potential methods for expanding the operating temperature range. 

20 General mechanistic aspects of the selective catalytic reduction reaction over platinum- 
based catalysts and Cu/zeolite and solid oxide catalyst are presented below. For example, 
with platinum catalysts at low temperature, under oxidizing conditions, the platinum surface 
is covered with oxygen that inhibits the dissociative absorption of NO, As the temperature 
is increased, HC react with the oxygen on the platinum surface, removing the oxygen, and 

25 leaving a catalytic metallic surface for the dissociative absorption of NO and the formation 
of N 2 . However, as the temperature is increased further, the HC continues to react with the 
oxygen on the platinum surface, but absorption of NO weakens, and cannot compete with 
oxygen absorption, resulting in a decrease in the NO x conversion efficiency. 

With Cu/Zeolite and solid acid catalysts, three active catalytic sites are 

30 involved. First, NO is oxidized to N0 2 at Cu and Lewis acid sites, which are negatively 
charged Z^O* sites, in the reaction 

NO + Vi0 2 - N0 2 , 

and HC are 'activated 1 at Bronsted acid sites, which are neutral Z'H^ sites, in the reaction 

HC + 0 2 - 'HCO\ 

35 



- 3 - 



WO 00/43469 



PCT/USOO/01574 



where the structure of HCO, the activated HC, is not well understood. The NO, is then 
reduced by the 'activated' HC in a reaction that forms gaseous nitrogen, carbon dioxide, and 
water. 

Both the Cu/Zeolite and the solid acid catalysts may be categorized as 
5 multiple function catalysts in which the temperature 'window 1 of the catalysts results from 
the dual function nature of the overall catalytic reaction. The low temperature limit is 
controlled and determined by the catalytic activity for NO to N0 2 oxidation, i.e., NO 
light-off, and the high temperature limit is controlled and determined by the catalytic 
activity for hydrocarbon oxidation. In particular, at high temperatures, the hydrocarbons are 
10 oxidized by oxygen faster than they react with N0 2 , as illustrated in Figure 2. The narrow 
temperature range in which known selective catalytic reduction catalysts operate severely 
limits the applicability of this technology for most lean burn engines. 



.Selective Catalytic Reduction (SCR^t with A mmonia 

15 Selective catalytic reduction with ammonia is a control strategy that has been 

utilized for the removal of NO x emissions in stationary source applications for a number of 
years. See, e.g., H. Bosch, Janssen, Catal. Today, 2, 1 (1994), the teachings of which are 
incorporated herein in their entirety by reference. In this process, ammonia (NH 3 ) or an 
ammonia precursor, such as urea or cyanuric acid, is injected into an exhaust gas stream 

20 from a combustion source. The ammonia serves as the selective reducing agent for NO x , as 
indicated in the following reactions: 



4 NO + NH 3 + O r 4N 2 + 6H 2 0 
25 2 N0 2 + 4 NH 3 + 0 2 - 3 N 2 + 6 H 2 0 

It has been proposed that selective catalytic reduction with ammonia could 
be utilized for the control of NOx emissions from lean burn engines utilized for mobile 
applications. A number of materials are know to catalyze the selective reduction reaction 

30 with ammonia including platinum group metals, base metals, and solid oxides. Some of the 
most effective catalysts for this reaction are Pt, vanadia (V 2 0 5 ), tungsten oxide (W0 3 ), and 
titania (TiO,). The temperature performance characteristics for these catalysts are similar to 
those discussed above for the selective catalytic reaction with hydrocarbons. For each of 
the catalyst systems there is a temperature window of operation for maximum performance 

35 which is relatively narrow, i.e., on the order of 100-200°C. For Pt this window is 

approximately 150-250°C, for V 2 0 5 and W0 3 , this window is approximately 300-500°C, 
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and for Ti0 2 it is above 500 °C. The high temperature limit for these catalysts is the 
temperature at which rapid oxidation of ammonia occurs, thus removing from the reaction 
mixture before it can reduce NO x . Thus, as is found for the selective catalytic reduction 
with hydrocarbons, there is not a single catalyst system for the selective reduction with 

5 ammonia that spans the full range of operating temperatures seen in vehicle exhaust. 

In addition to its narrow temperature window of operation, Pt catalysts have 
the further disadvantage in vehicle applications of catalyzing the oxidation of S0 2 to S0 3 . 
The S0 3 then reacts with water in the exhaust to form sulfuric acid (H 2 S0 4 ), which is 
emitted from the tailpipe as particulate emissions. Moreover, in order to effectively utilize 

1 0 base metal catalysts such as V 2 0 3 and W0 3 in this application, a method that lowers the 
effective operating temperature of the selective reduction is required. One potential method 
is the conversion of NO to N0 2 before the exhaust gas reaches the active catalyst. It is 
known that the reaction of NO z with NH 3 occurs at lower temperatures than the reaction of 
NO with NH 3 over these base metal catalyst systems. This could lower the effective 

15 operating temperature of the base metal catalysts, and would allow effective application to 
NO x removal in lean burn vehicle exhaust. 

NO :[ Storage and Reduction fS&R) 

In addition to a catalyst, NO x storage and reduction (S&R) requires an engine 
20 control strategy. Prior art NO x storage and reduction are described in W. Brogner, M. 

Kramer, B. Krutzsch, S. Pischinger, D. Voigtander, G. Wenninger, F. Wirbeleit, M.S. 

Brogan, RJ. Brisley, and D.E. Webster, "Removal of nitrogen oxides from the exhaust of a 

lean-tune gasoline engine", Appl. Catal. B: Environ., 7, 153-171, 1995, J.S. Hepburn, E. 

Thanasiu, D.A. Dobson, and W.L. Watkins, "Experimental and Modeling Investigations of 
25 NO x Trap Performance", SAE Technical Paper 962051, San Antionio, TX October 14-17, 

1996, the teachings of which are incorporated herein in their entirety by reference. 

A typical catalyst used for NO x reduction is a platinum/rhodium (Pt/Rh) 

three-way catalyst formulation that has been modified by the addition of a component that 

forms a stable nitrate under lean conditions. The additional component is typically barium, 
30 Ba, but other alkaline metals and alkaline earth elements have been explored, including 

lithium, Li, sodium, Na, potassium, K, rubidium, Rb, cesium, Cs, magnesium. Mg, calcium, 

Ca, and strontium, Sr. The NO x storage components and the three-way catalyst components 

are at or near the same catalyst surface. 

To control NO x under lean conditions, NO is oxidized over platinum to form 
35 N0 2 , which then reacts with the alkaline or alkaline earth oxide to form a metal nitrate by 

the lean storage reaction: 
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NO + J4 0 2 - N0 2 , 
followed by the formation of a metal nitrate in the reaction 

MO + NO, - M(N0 3 ), 

where M is one of the metals listed above, These reactions are not catalytic reactions, but, 
5 instead, can be thought of as reactions for the removal of NO x by titration with the metal 
oxide. NO x removal efficiencies greater than about 80 percent can be achieved as long as 
metal oxide is available for the reaction. At the point that the metal oxide is exhausted, NO x 
'breaks-through* the catalyst, and is emitted out the tailpipe. To avoid NO x break-through, 
and to regenerate the metal oxide, an engine control strategy is employed that periodically 
10 switches the engine from lean to stoichiometric or slightly rich operation. Under 

stoichiometric or rich conditions, the metal nitrate decomposes, and the NO x is released 
from the catalyst surface and reduced to N 2 by the normal action of the three-way catalyst. 

In the rich reduction reactions, the metal nitrate first decomposes, 
regenerating the metal oxide, and releasing NO and carbon dioxide through the reaction 
1 5 M(N0 3 ) + CO -* MO + NO C0 2 , 

and the NO is then removed catalytically in the reaction 

2 NO + 2 CO - N 2 + 2 C0 2 . 
Typically, the storage capacity of the catalyst requires an engine control strategy with a 
periodicity of approximately 60 seconds lean and 10 seconds rich. However, this typically 
20 degrades the smoothness and drivability of the engine. 

As discussed above, NO x storage and reduction catalysts have demonstrated 
high NO x removal efficiencies of at least about 80 percent, and are presently leading 
candidates for NO x control of lean burn engines. However, major problems exist with the 
storage and reduction approach, including the added complexity and potential drivability 
25 issues associated with the low frequency air/fuel perturbations, the loss in fuel economy 
benefit due to the amount of time operating under stoichiometric or rich conditions, and the 
extreme sensitivity of NO x storage components to sulfur poisoning. This sulfur poisoning 
occurs because alkaline and alkaline earth metals typically form more stable sulfates than 
nitrates under lean conditions, i.e., in the presence of excess oxygen, where the sulfates are 
30 formed by oxidation of S0 2 to S0 3 in the reaction 

SO, + / 2 O r so 3 . 

The S0 3 produced then reacts with the metal oxide to form the sulfate in the reaction 

MO + S0 3 - M(S0 4 ). 
Platinum, which is typically used in NO x storage and reduction catalyst 
35 formulations due to its high activity for NO oxidation, is the most active catalyst known for 
S0 2 oxidation, forming S0 3 when S0 2 is present in the exhaust, SO y As a result, in the 
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presence of S0 2 , a metal sulfate is formed rather than the desired metal nitrate, and the 
equilibrium in the reaction 

M(N0 3 ) + S0 3 - M(S0 4 ) + N0 2 . 
lies far to the right as described in X. Xue, K. Seshan, and J.R.H. Ross, "Roles of supports, 
5 Pt loading and Pt dispersion in the oxidation of NO to NO-, and of SO, to S0 3 \ Appl. Catal. 
B: Environ., 11, 65-79, 1996, the teachings of which are incorporated herein in their entirety 
by reference. 

The formation of the stable sulfate species effectively inhibits NO K storage, 
and, thus, using prior art methods, dramatic reductions in fuel sulfur levels are required for 
10 the effective implementation of this technology. Automotive manufacturers have stated that 
gasoline with 10 ppm, or less, sulfur will be required for adoption of this technology, and, 
as gasoline with such a low sulfur level is not widely available, a system or process that 
could reduce or eliminate this sulfur sensitivity would be of great significance. 

In lean burn engines in general, and diesels in particular, control of 
15 particulate is generally achieved by catalytic trap oxidation. Where only modest reductions 
in particulates of no more than about 30 percent are required, a standard flow-through 
monolithic catalyst can be utilized in which particulates diffuse to the catalyst surface, and 
are absorbed and oxidized on the surface. However, if higher particulate removal rates are 
required, a filtering system must be used. Typically, known filters in such systems are 
20 generally ceramic, providing particulate removal rates of up to about 80 percent, but require 
frequent, if not continuous, regeneration by oxidation of the particulates to avoid blocking 
the filter, which will otherwise result in a large back pressure build up. However, the 
oxidation of particulates by oxygen is only effective at temperatures above about 350° to 
about 400°C, which is significantly higher than the low gas temperatures typically found in 
25 diesel engine exhaust gases. As a result, oxidation of the particulates is not always possible 
with diesel engine exhaust gas, and auxiliary heating systems or engine management 
modifications are required to provide the required exhaust temperatures either continuously 
or at frequent intervals. Such systems, which have durability problems, add considerable 
complexity and expense to the emission control system. 
30 An alternative low-temperature particulate oxidation reaction that involves 

N0 2 as an oxidant exists is disclosed in B.J. Cooper and I.E. Thoss, "The Role of NO in 
Diesel Particulate Emission Control", SAE Technical Paper No. 890404, 1989, the 
teachings of which are incorporated herein in their entirety by reference. The 
low-temperature reaction becomes effective at a temperature of only about 200° to about 
35 250°C, and, thus, if the low temperature reaction is utilized, auxiliary heating of the 

particulate trap will not be required in a diesel engine. However, these systems are not in 
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widespread use, because, as discussed above, the platinum required for oxidation of NO to 
N0 2 is also very active for S0 2 to S0 3 oxidation. Thus, where significant quantities of 
sulfur typically are present, such as in the diesel fuel, S0 2 is oxidized to S0 3 , which reacts 
with water to form sulfuric acid, H 2 S0 4J which is emitted from the tailpipe as a particulate, 
5 potentially resulting in a net increase in particulate emissions from the engines rather than a 
net decrease. 

Therefore, before the technologies discussed above can be effectively 
implemented for the reduction of emissions from lean bum engines, several key 
technological problems that must be overcome. In particular, for selective catalytic 

1 o reduction catalysts with hydrocarbon or ammonia, the temperature 'window' of operation 
and the overall NO x reduction performance must be increased. This requires a catalyst or 
reactor system that is capable of oxidizing NO to N0 2 at low temperatures, i.e., lower than 
the temperature at which hydrocarbons are oxidized. Similarly, NO x storage and reduction 
and catalytic particulate traps presently require a platinum based catalyst, which efficiently 

15 oxidizes of NO to N0 2 at low temperatures, but also oxidizes S0 2 to S0 3 with even greater 
efficiency. Therefore, where sulfur is present in the fuel, the formation of S0 3 results in the 
blocking of NO x storage sites due to formation of sulfates that are thermodynamically more 
stable than the nitrates in NO x storage and reduction systems, and, in catalytic particulate 
traps, S0 3 is converted to sulfuric acid, which is released from the tailpipe as particulates. 

20 Therefore, a need remains for a device and a method to oxidize NO to N0 2 

without oxidizing S0 2 to S0 3 in NO x storage and reduction, which would provide much 
improved NO x removal performance without the effects of S0 3 blocking of NO x storage 
sites, and in catalytic particulate traps, which would provide a supply of N0 2 for the 
continuous oxidation and removal of particulate without increasing the formation of H 2 S0 4 

25 particulate emissions. The present invention provides such a device and method. 

SUMMARY OF THE INVENTION 

The present invention is directed to an apparatus and a method for removing 
at least a portion of at least one pollutant in an exhaust gas stream containing exhaust gas 

30 formed from the combustion of fuel in an engine, which may be any type of internal or 
external combustion engine, but is preferably'a lean burn spark ignition engine, a 
compression ignition engine, such as a diesel engine, or a turbine engine. The apparatus 
comprises at least one device for removing at least a portion of at least one of oxides of 
nitrogen, hydrocarbons, carbon monoxide, and particulates in the exhaust gas and a device 

35 for producing a non-thermal plasma in at least a portion of the exhaust gas stream. The one 
device for removing at least a portion of at least one of oxides of nitrogen, hydrocarbons, 
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carbon monoxide, and particulates in the exhaust gas, which is positioned such that at least 
a portion of the exhaust gas stream from the engine passes through the device, has an inlet 
and an outlet, and is preferably one of selective catalytic reduction catalysts, particulate 
traps, selective catalytic reduction catalyst coated particulate traps, oxide of nitrogen storage 
5 and reduction catalysts, oxidation catalysts, and three-way catalysts. At least a portion of 
the exhaust gas stream is exposed to the non-thermal plasma that is formed in or by a 
non-thermal reactor, and at least a portion of that portion of the exhaust gas stream exposed 
to the non-thermal plasma is introduced into the exhaust gas stream at a point upstream of 
or at the at least one device for removing at least one of oxides of nitrogen, hydrocarbons, 
10 carbon monoxide, and particulates. Preferably, at least a portion of the non-thermal plasma 
is positioned within the exhaust gas stream upstream of or at the at least one device for 
removing at least a portion of at least one of oxides of nitrogen, hydrocarbons, carbon 
monoxide, and particulates in the exhaust gas. 

The apparatus of the invention may further comprise at least one additional 
15 device for removing at least a portion of at least one of oxides of nitrogen, hydrocarbons, 
carbon monoxide, and particulates in the exhaust gas. As with the first device, the second 
device has an inlet and an outlet, and is preferably selected from the group consisting of 
selective catalytic reduction catalysts, particulate traps, selective catalytic reduction catalyst 
coated particulate traps, oxide of nitrogen storage and reduction catalysts, oxidation 
20 catalysts, and three-way catalysts. The second device is typically positioned such that at 
least a portion of the exhaust gas stream from the engine, which has been exposed to the 
non-thermal plasma, passes through the second device after first passing through the first 
device for removing at least a portion of at least one of oxides of nitrogen, hydrocarbons, 
carbon monoxide, and particulates in the exhaust gas. 
25 Preferably the device for producing a non-thermal plasma in the exhaust gas 

or non-thermal reactor comprises a corona discharge device. A corona discharge device 
useful in the invention typically comprises at least one first electrode, at least one second 
electrode positioned a distance from the first electrode, and dielectric material positioned 
between the first electrode and the second electrode. The corona discharge device may be 
30 attached by means of threads to the side of the exhaust pipe or to the at least one device for 
removing at least a portion of at least one of oxides of nitrogen, hydrocarbons, carbon 
monoxide, and particulates in the exhaust gas . Preferably, the corona discharge device is 
powered by a high frequency power supply having an operational frequency of at least 
about 1,000 Hz adapted to provide electrical power to the corona discharge device, and 
35 requires no more than about 0.1 percent, more preferably, no more than about .01 percent, 
of the rated power output of the engine. 
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Preferably, the apparatus further comprises an exhaust pipe attached to the 
inlet of the at least one at least one device for removing at least one of oxides of nitrogen, 
hydrocarbons,, carbon monoxide, and particulates, such that at least a portion of the exhaust 
gas stream passes through the exhaust pipe to and through the at least one at least one 

5 device for removing at least one of oxides of nitrogen, hydrocarbons, carbon monoxide, and 
particulates, wherein the exhaust pipe comprises a fitting for positioning the device for 
producing a non-thermal plasma in the exhaust stream or a portion thereof, so that a 
non-thermal plasma is produced in the exhaust stream upstream of or at the at least one at 
least one device for removing at least one of oxides of nitrogen, hydrocarbons, carbon 

10 monoxide, and particulates. 

Where the at least one device for removing at least one of oxides of nitrogen, 
hydrocarbons, carbon monoxide, and particulates is a selective catalytic reduction catalyst, 
the non-thermal plasma and selective catalytic reduction catalyst may be configured to 
provide an operational range of at least about 500°C. The non-thermal plasma is preferably 

15 positioned within the exhaust gas stream upstream of or at the selective catalytic reduction 
catalyst, which, preferably, reduces oxides of nitrogen with at least one of hydrocarbons and 
ammonia, which may exist naturally in the exhaust gas stream, or the apparatus may be 
configured and adapted for injecting at least one of hydrocarbons and ammonia into the 
exhaust gas stream upstream of or at the selective reduction catalyst. 

20 Useful selective catalytic reduction catalyst include, but are not limited to, 

precious metals, base metals on acidic supports, and solid oxides. Preferably, the base 
metals may have acidic supports, the solid oxides are acidic, the precious metal is platinum, 
the base metal is copper, and the acid support is a zeolite. 

Using a selective reduction catalyst, the apparatus oxidizes NO to N0 2 

25 within the non-thermal plasma at a first lower temperatures, and oxidizes at least one 
oxidizabie material in the exhaust gas stream, such as hydrocarbons and ammonia, with 
oxygen at a second higher temperature. Typically, the first lower temperature is about 
100°C, and the second higher temperature is at least about 500°C, but is preferably at least 
about 700°C. 

30 The method of the invention comprises removing at least a portion of at least 

one pollutant in an exhaust gas stream containing exhaust gas formed from the combustion 
of fuel in an engine, which is preferably one of a lean burn spark ignition engine, a 
compression ignition engine, such as a diesel, or a turbine engine, and is preferably 
continuously operated in lean burn mode, but may be periodically operated on a 

35 stoichiometric or rich fuel mixture, e.g., when the engine is under a load that requires a 

increased power output, and on a lean fuel mixture when the engine is under a reduced load. 
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The method comprises exposing at least a portion of the exhaust gas stream to a 
non-thermal plasma, and passing at least a portion of the exhaust gas stream that has been 
passed through the non-thermal plasma through at least one device for removing at least a 
portion of at least one of oxides of nitrogen, hydrocarbons, carbon monoxide, and 
5 particulates in the exhaust gas, where the device has an inlet and an outlet, and is typically 
one of a selective catalytic reduction catalyst, particulate trap, selective catalytic reduction 
catalyst coated particulate traps, oxide of nitrogen storage and reduction catalyst, oxidation 
catalyst, or three-way catalyst. The non-thermal plasma may be positioned directly within 
the exhaust gas stream upstream of or at the device for removing oxides of nitrogen or 
10 particulates. In the alternative, a remote non-thermal reactor may be used in which a 
portion of the exhaust gas stream is separated from the rest of the exhaust gas stream, and 
then exposed to the non-thermal plasma. The portion of the exhaust gas stream exposed to 
the non-thermal plasma is then introduced into the exhaust gas stream upstream of or at the 
device for removing at least one of the oxides of nitrogen, hydrocarbons, carbon monoxide, 
15 and particulates. 

The exhaust gas stream may be passed through at least two devices device 
for removing at least a portion of at least one of oxides of nitrogen, hydrocarbons, carbon 
monoxide, and particulates in the exhaust gas, where each device is of the type discussed 
above, such that the exhaust gas stream passes through the first device before passing 
20 through the second device. 

The method of the invention preferably comprises producing the non-thermal 
plasma using a corona discharge device, which comprises a first electrode, a second 
electrode positioned a distance from the first electrode, and a dielectric material positioned 
between the first electrode and the second electrode, which is used to oxidize NO in the 

25 exhaust stream to N0 2 , preferably at a temperature of about 1 00°C. 

Where a selective catalytic reduction catalyst is used as the at least one 
device for removing at least a portion of at least one of oxides of nitrogen, hydrocarbons, 
carbon monoxide, and particulates in the exhaust gas, an oxidation catalyst, a particulate 
trap, an oxidation catalyst, or a three-way catalyst may also be positioned downstream of 

30 the selective reduction catalyst. This allows the further removal of particulates, residual 
hydrocarbons and carbon monoxide, or residual hydrocarbons, carbon monoxide, and 
oxides of nitrogen from the exhaust gas stream depending on the device used. 

In the method of the invention, NO in the exhaust gas stream is first oxidized 
to N0 2 with the non-thermal plasma, and NO x in the exhaust gas stream is then reduced to 

35 N 2 by contacting the exhaust gas stream containing the N0 2 formed by oxidizing NO with 
the selective reduction catalyst. Reduction of the NO x may be facilitated by contacting the 



- 11 - 



WO 00/43469 



PCT/USOO/01574 



N0 2 with at least one of hydrocarbons or ammonia on the selective reduction catalyst. 

Oxidizable compounds, such as hydrocarbons and ammonia, may be oxidized with the 

selective reduction catalyst at a temperature of at least about 500°C, preferably at a 

temperature of at least about 700°C. 
5 The N0 2 produced in the non-thermal plasma may be used to enhance the 

oxidation of particulates trapped in a particulate trap. The N0 2 may be generated 

continuously or on an as needed basis to avoid blocking the particulate trap, where the 

blocking would result in a build-up of back pressure. 

An oxide of nitrogen storage and reduction catalyst may be used in the 
10 invention, such that oxides of nitrogen stored on the nitrogen storage and reduction catalyst 

surface during lean burn operation of the engine, and released during periodic operation of 

the engine on a stoichiometric or rich air fuel mixture, releasing the oxides of nitrogen from 

the catalyst surface, which is then reduced to N 2 . 



15 BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 illustrates the NO x conversion efficiency as a function of 
temperature for different selective catalytic reduction catalyst types. 

Figure 2 illustrates the temperature dependence of selective catalytic 
reduction catalysts. 

20 Figure 3 illustrates the temperature window of a combined non-thermal 

plasma/catalytic selective catalytic reduction reactor. 

Figure 4 is a schematic of an exhaust system incorporating a remote 
non-thermal plasma reactor. 

Figure 5 illustrates a corona discharge device mounted in an exhaust shunt; 
25 Figure 6 illustrates a corona discharge device having concentric electrodes 

and a dielectric coated inner electrode; 

Figure 7 illustrates a corona discharge device having concentric electrodes 
and a dielectric coated outer electrode; 

Figure 8 illustrates a distant ground corona discharge device; 
30 Figure 9 illustrates a corona discharge device of the type depicted in Fig. 5 

equipped with a flame arrester; 

Figure 10 illustrates a compact corona discharge device; 

Figure 1 1 illustrates a compact corona discharge device having an extended 

skirt; 

35 Figure 12 illustrates a compact corona discharge device equipped with an 

orifice for injecting air; 
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Figure 13 illustrates a corona discharge device mounted in a manner that 
takes advantage of the pumping action of pressure variations in the exhaust gas stream; 

Figure 14 illustrates a corona discharge device mounted in conjunction with 
a plenum that augments the pumping action of pressure variations in the exhaust gas stream; 
5 Figure 15 is a cross section of a preferred embodiment of the corona 

discharge device of the invention; 

Figure 16 illustrates a corona discharge device having slots for the exchange 
of gas between the non-thermal plasma and the gas stream; 

Figure 1 7 illustrate a corona discharge device having dielectric material 
10 adjacent to both the inner electrode and the inner surface of outer electrode; 

Figure 18 illustrates an outer electrode having louvers to enhance the 
exchange of gas; 

Figure 19 illustrates a cold start gas diverter; 

Figure 20 illustrates a cold start gas diverter used with an exhaust gas shunt; 
15 Figure 21 illustrates a corona discharge device having a high voltage 

electrode with a circular end; 

Figure 22 illustrates a corona discharge device of the type shown in Figure 
2 1 that minimizes arc breakdown. 

Figure 23 illustrates the invention as used with an internal combustion 

20 engine. 

DETAILED DESCRIPTION OF THE INVENTION 

As used herein, the term "lean burn engine" refers to any engine that for a 
25 significant portion of its operation operates on a lean air/fuel mixture, i.e., an air/fuel 

mixture in which the amount of air is greater than that required to provide the stoichiometric 
amount of oxygen required to oxidize all of the fuel in the mixture. 

In addition, as used herein, the term "particulates" refers to particulate matter 
produced during combustion. Particulates are particularly made up of carbon, but may also 
30 include heavy hydrocarbons. 

The present invention is directed to a combined non-thermal plasma/catalytic 
reactor system that overcomes the shortcomings of prior art selective catalytic reduction 
systems, particulate traps, and NO x storage and reduction systems for the effective control 
of emissions from compression ignition, i.e., diesel, and spark ignition lean burn engines. 
35 Typically, the non- thermal plasma is a corona discharge that is produced by a corona 

discharge device. A preferred embodiment of the corona discharge device is a low power 
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unit requiring no more than 0.1, and, more preferably, no more than 0.01 percent of the 
rated power of the engine during normal operation, i.e., about 1 5 to about 1 50 Watts for a 
200 horsepower engine, where the device and power supply are designed for operation at 
high powers, i.e., up to about 300 Watts, for brief period of time. However, as will be 
recognized by those of ordinary skill in the art, in certain applications, higher power may be 
required. 

In the combined non-thermal plasma/catalytic reactor of the invention, gas 
phase reactions are initiated by a non-thermal plasma prior to contact of the gas mixture 
with a catalyst surface, e.g., in an exhaust gas stream up stream of or at a catalyst. The 
non-thermal plasma/catalytic reactor may be simply be a section of exhaust pipe after a 
corona discharge unit, where gas phase reactions occurs prior to entering a device for 
removing at least one of oxides of nitrogen, hydrocarbons, carbon monoxide, and 
particulates. However, typically, the non-thermal plasma/catalytic reactor is a specifically 
designed gas phase reactor positioned prior to inlet of the device for removing at least one 
of oxides of nitrogen, hydrocarbons, carbon monoxide, and particulates, or incorporated 
within the device for removing at least one of oxides of nitrogen, hydrocarbons, carbon 
monoxide, and particulates. It has been discovered that non-thermal plasma reactors, 
operating within a gas mixture containing hydrocarbons and excess oxygen, such as, e.g., 
the exhaust gas produced by a diesel engine or a spark ignition lean burn engine, effectively 
convert NO to N0 2 with modest energy densities without oxidizing S0 2 to S0 3 . As such, 
the combined non-thermal plasma/catalytic reactor of the invention provides a significant 
advance in lean burn emission control. 

As discussed above, increasing the width of a selective catalytic reduction 
reactor temperature window to improve the reactor performance, requires a combination of 
low temperature oxidation of NO to NO, with a catalyst that oxidizes only hydrocarbons or 
ammonia at higher temperatures. The combined non-thermal plasma/catalytic reactor of the 
invention provides non-thermal plasma is capable of initiating oxidation of NO to N0 2 at 
temperatures less than about 100°C, which is then followed by the high temperature 
oxidation of hydrocarbons or ammonia, typically with a solid oxide catalyst that only 
oxidizes hydrocarbons and ammonia at higher temperature to provide a temperature 
window as indicated in Figure 3. The non-thermal plasma used to initiate the oxidation is 
preferably produced with a corona discharge device of the type disclosed in co-pending U.S. 
Patent Application No. 09/468,059, filed December 17, 1999, which is a continuation of 
U.S. Patent Application No. 08/947,287, filed October 7, 1997, now U.S. Patent No. 
6,xxx,xxx, as well as in co-pending U.S. Patent No. 09/122, 394, filed July 24, 1998, which 
is a continuation-in-part of U.S. Patent Application No. 08/947,287, and in provisional U.S. 
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Patent Nos. 60/121,903 and 60/142,313, filed February 26, 1999, and July 2, 1999, 
respectively, the teachings of which are incorporated herein in their entirety by reference. 
Examples of corona discharge devices useful for forming a non-thermal plasma in the 
combined non-thermal plasma/catalytic reactor of the invention are described below. 

5 The formation of a non-thermal plasma in the combined non-thermal 

plasma/catalytic reactor of the invention provides a reactor system having a larger 
temperature window, typically, of about 300 to about 400°C wide, in contrast to present 
selective catalytic reduction catalyst systems having temperature windows with a width of 
only about 100 to about 200 °C. In addition, the combined non-thermal plasma/catalytic 

10 reactor substantially increases peak NO x conversion efficiency as a result of this wider 
window of operation. 

As discussed above, both NOx storage and reduction and particulate trap 
systems utilize platinum in the catalyst formulations for its high NO oxidation activity. 
Unfortunately, platinum is also very active in the oxidation of S02, leading to sulfur 

15 poisoning and/or sulfuric acid emissions. However, utilization of the non-thermal plasma 
reactor of the invention to oxidize NO to N0 2 without the oxidation of S0 2 to S0 3 
eliminates or greatly reduces the oxidation of S0 2 . In the case of NOx storage and 
reduction, this also allows the use of Pd/Rh catalysts that offer advantages in performance 
and durability. 

20 Various embodiments of the non-thermal plasma/catalytic reactor system of 

the invention are useful for improving emission control in lean burn engines. In each 
embodiment, the reactor comprises a non-thermal plasma source in a gas phase reactor for 
efficient NO to N0 2 oxidation, where the reactor may simply be a section of tailpipe 
containing a non-thermal plasma source, such as a corona discharge device, or a specially 

25 designed reactor much like an empty catalytic convenor, followed by one or more device 
for removing at least one of oxides of nitrogen, hydrocarbons, carbon monoxide, and 
particulates. Moreover, the electrical power consumption of the non-thermal plasma 
reactor can be sized to the lean capability needed for each vehicle model. The power 
consumption of the non-thermal plasma reactor can also, be programmable to be different 

30 for each load level over the lean operating range of the vehicle. With this approach, only 
the needed electrical power will be drawn from the vehicle electrical system. The 
non-thermal plasma can also be programmed to be "off when the vehicle is in 
stoichiometric operation, or to operate at the appropriate power level needed to achieve the 
benefits (such as sulfur tolerance or emissions (HC, CO, NOx) reductions) seen for 

35 stoichiometric air/fuel mixtures. These benefits may require less power to the non-thermal 
plasma than the lean operation NOx reduction requires. 
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As discussed above, one embodiment of the present invention is directed to 
an apparatus and a method for removing at least a portion of at least one pollutant, 
particularly oxides of nitrogen, hydrocarbons, carbon monoxide, and particulates, in an 
exhaust gas stream containing exhaust gas formed from the combustion of fuel in a lean 
5 burn engine. The apparatus of the invention comprises at least one device for removing at 
least a portion of at least one of oxides of nitrogen, hydrocarbons, carbon monoxide, and 
particulates in the exhaust gas and at least one device for producing a non-thermal plasma ir 
the exhaust gas, i.e., a non-thermal plasma reactor. The device for removing at least a 
portion of at least one of oxides of nitrogen, hydrocarbons, carbon monoxide, and 
1 0 particulates in the exhaust gas has an inlet and an outlet, and is selected from the group 
consisting of selective catalytic reduction catalysts, particulate traps, selective catalytic 
reduction catalyst coated particulate traps, oxide of nitrogen storage and reduction catalysts, 
oxidation catalysts, and three-way catalysts. At least a portion of the exhaust gas stream is 
exposed to the non- thermal plasma, and at least a portion of that portion of the exhaust gas 
15 stream exposed to the non-thermal plasma is introduced into the exhaust gas stream at a 
point upstream of or at the at least one device for removing at least a portion of at least one 
of oxides of nitrogen, hydrocarbons, carbon monoxide, and particulates in the exhaust gas, 
such that at least a portion of the exhaust gas stream from the lean bum engine passes 
through the device after being exposed to the non-thermal plasma. Various useful 
20 embodiments of the invention are described below. 

Reactor systems of the invention include those comprising a non-thermal 
plasma positioned upstream or at a selective catalytic reduction catalyst. In that 
embodiment, exhaust from a lean bum combustion source is first contacted with a 
non-thermal plasma, where NO is oxidized to NO : in the non-thermal plasma reactor. The 
25 treated exhaust gas stream is then contacted with a selective catalytic reduction catalyst, 
resulting in the reduction of NO x to N 2 . Preferably, N0 2 produced by exposure of the 
exhaust gas stream to the non-thermal plasma reactor is reduced to N 2 on contact with 
hydrocarbons ("HC") or ammonia on the surface of the selective catalytic reduction 
catalyst. The hydrocarbons and ammonia may be those found in the exhaust gas stream, or 
30 at least one of additional hydrocarbons or ammonia may be injected into the exhaust gas 
stream upstream of or at the selective catalytic reduction catalyst. 

In the reactor and the process of the invention, the oxidation of NO to N0 2 in 
the non-thermal plasma occurs effectively at low temperatures, i.e., temperatures of less 
than about 100°C. Typically, the selective catalytic reduction catalyst does not oxidize 
35 hydrocarbons or ammonia with oxygen until significantly higher temperatures, i.e., greater 
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than above 500°C, and, preferably, greater than about 700°C, thereby providing a wider 
temperature window for the removal of oxides of nitrogen. 

The sizing of the non-thermal plasma reactor and selective catalytic 
reduction catalyst for a particular vehicle application will depend on the engine conditions 

5 where lean operation is desired. The capacity required for the non-thermal plasma reactor 
and the selective catalytic reduction catalyst may be less during occasional lean cruise 
operation than that required during more extensive lean operation that includes higher loads 
and exhaust flows than the limited cruise operation. The use of this lean-run capability, 
measured in power to the non-thermal plasma or size of catalyst, can be optimized to 

10 provide the automaker with the lean operation and associated fuel economy improvement 
desired for each model of vehicle. 

As noted above, the use of a non-thermal plasma reactor for low 
temperatures oxidation of NO to N0 2 combined with a high temperature selective catalytic 
reduction catalyst results in a wide temperature window of operation for reduction of oxides 

15 of nitrogen, typically, at least about 500°C, as well as more efficient reduction of oxides of 
nitrogen than present systems with selective catalytic reduction alone provide. 

In a further embodiment of the invention, a non-thermal plasma reactor is 
used in combination with a particulate trap, and is preferably positioned in the exhaust gas 
stream upstream or at the particulate trap. Typically, in this embodiment, exhaust from a 

20 lean burn combustion source is first contacted with a non-thermal plasma in a non-thermal 
plasma reactor, and then contacted with a particulate trap resulting in the removal of 
particulates. Again, NO is oxidized to N0 2 in the non-thermal plasma, and the N0 2 
produced in the non-thermal plasma reactor is allowed to contact particulates on or in the 
particulate trap, typically on the surface of the trap, resulting in oxidation of the particulates. 

25 As with the embodiment discussed above, and those discussed below, oxidation of NO to 
N0 2 effectively occurs at temperatures of less than about 100°C. As the oxidation of NO 
occurs at low exhaust temperatures, highly active oxidation catalysts are not required to 
form N0 2 , and, thus, the oxidation of S0 2 oxidation to S0 3 is avoided, reducing particulate 
emissions of the sulfuric acid, i.e., H 2 S0 4 , produced in prior art particulate trap systems. 

30 The N0 2 produced oxidizes particulates in the trap at low temperatures, and, thus, plugging 
of the trap and the build-up of back pressure in the exhaust stream is avoided. Because 
particulates are effectively removed by oxidation on the trap surface at low temperatures, 
there is no need for externally controlled trap regeneration, such as trap heaters that are used 
in many prior art particulate traps. 

35 Where required by the operational conditions of the engine, the operation of 

the non-thermal plasma may be substantially continuous. However, where continuous 
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operation is not required, the operation of the non-thermal plasma may be periodic, either 
on an as needed basis or at specific timed intervals. 

A non-thermal plasma reactor may also be.used in combination with a 
selective catalytic reduction coated particulate trap, where the non-thermal plasma is 

5 typically positioned upstream or at the inlet of a selective catalytic reduction coated 

particulate trap. Again, exhaust from a lean burn combustion source is first contacted with 
a non-thermai plasma reactor. The treated exhaust in which NO has been oxidized to N0 2 
is then made to come in contact with a selective catalytic reduction coated particulate trap, 
resulting in the efficient removal of both particulates and oxides of nitrogen. As a result, 

10 the use of a selective reduction catalyst coated particulate trap provides the benefits of both 
an oxidation particulate trap and a selective reduction catalyst, and provides a wide 
temperature window for the efficient removal of oxides of nitrogen and the continuous 
removal and oxidation of particulates. 

A non-thermal plasma reactor may also be used in combination with an 

1 5 oxides of nitrogen storage and reduction catalyst, where the non-thermal plasma is typically 
positioned upstream of or at the oxides of nitrogen storage and reduction catalyst. Again, 
exhaust from a lean burn combustion source is first contacted with a non-thermal plasma 
reactor, where NO is oxidized to N0 2 in the non-thermai plasma. The exhaust gas stream 
containing N0 2 is then made to come in contact with an oxides of nitrogen storage and 

20 reduction catalyst, where the N0 2 is stored on the oxides of nitrogen storage and reduction 
catalyst. The engine or combustion source may be operated on a lean air/fuel mixture 
substantially continuously, or may be periodically switched from lean to a stoichiometric or 
rich air/fuel mixture. Under lean conditions, N0 2 formed in the non-thermal plasma reactor 
is stored on the oxides of nitrogen storage and reduction catalyst. Then, under 

25 stoichiometric or rich conditions, the N0 2 is released from the surface of the catalyst and 
reduced by normal three-way catalysis to N 2 . 

The conversion of NO to N0 2 in the non-thermal plasma reactor occurs 
without formation of S0 3 , thereby avoiding the formation of stable sulfates at the oxides of 
nitrogen storage sites of the oxides of nitrogen storage and reduction catalyst and the 

30 resulting sulfur poisoning of the catalyst. As the conversion of NO to N0 2 occurs in the 
non-thermal plasma, no platinum is required iii the oxides of nitrogen storage and release 
catalyst. As a result of the use of non-platinum catalysts, thermal stability is improved, and 
higher catalytic activity is achieved. Moreover, the sulfur poisoning found with platinum 
based oxides of nitrogen storage and reduction technologies is also avoided. 

35 A non-thermal plasma reactor may also be used in combination with more 

than one device for the removal of at least one oxides of nitrogen, hydrocarbons, carbon 
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monoxide, and particulates, e.g., the use of a thermal plasma in combination with a selective 
reduction catalytic and an oxidation catalyst. Typically, the non-thermal plasma is 
positioned upstream of a selective catalytic reduction catalyst that upstream of an oxidation 
catalyst, which removes residual hydrocarbons and carbon monoxide from the exhaust gas 
5 stream following treatment with the selective catalytic reduction catalyst. 

A non-thermal plasma reactor may also be used in combination with a 
selective catalytic reduction coated particulate trap and an oxidation catalyst. Typically, a 
non-thermal plasma is positioned upstream of or at the inlet of a selective catalytic 
reduction coated particulate trap that is upstream of an oxidation catalyst. Such as system 
10 removes oxides of nitrogen, hydrocarbons, carbon monoxide, and particulates with the 
particulate trap, and the oxidation catalyst removes residual oxidizable species, such as 
hydrocarbons and carbon monoxide. 

A non-thermal plasma reactor may also be used in combination with a 
selective catalytic reduction catalyst and a three-way catalyst. Typically, a non-thermal 
1 5 plasma is positioned upstream of or at a selective catalytic reduction catalyst that is 

upstream of a three-way catalyst, that may be of the type currently used on most passenger 
cars and light trucks. The exhaust from a lean burn combustion source is first passed 
through a non-thermal plasma, and is then made to come in contact with a selective catalytic 
reduction catalyst. The output of the selective reduction catalyst is then passed through a 
20 conventional three-way catalyst. Such a system allows engine operation at both 

stoichiometric and lean conditions without a decrease in the ability to remove oxides of 
nitrogen. During operation with a stoichiometric air/fuel mixture, the three-way catalyst 
removes hydrocarbons, carbon monoxide, and oxides of nitrogen, and, during lean 
operation, oxides of nitrogen are removed with the combination of the non-thermal plasma 
25 and the selective catalytic reduction catalyst. Such as system provides improved fuel 

economy from a nominally stoichiometrically calibrated engine by allowing operation on a 
lean air/fuel mixture under certain conditions, such as, e.g., under steady-state highway 
operation, without loss of emission control capability, particularly that of oxides of nitrogen 
Corona discharge devices useful in the invention include, but are not limited 
30 to, those having generally cylindrical symmetry and, in most cases, at least two concentric 
electrodes. At least three general design alternatives for corona discharge devices that have 
generally cylindrical symmetry exist, Three general design alternatives are illustrated in 
Figs. 6, 7, and 8. Fig. 6 is a cross-section of a cylindrical corona discharge device 40 
having concentric cylindrical electrodes inner electrode 4i and outer electrode 42. The 
35 device 40 typically includes a ferrule 44 in the base 47, which provides a gas seal, and 
threads 46 or other means for mounting the device 40 in the exhaust pipe 12 or shunt 3 1 . 
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The inner electrode 41 is surrounded by a dielectric layer 43, which prevents breakdown, 
and maintains the non-thermal plasma. It is important for the overall efficiency of the 
device to have the predominant voltage across the "air" gap 45 of the device. Because the 
dielectric layer 43 in the corona discharge device shown in Fig. 6 is located in a region 

5 where high electric fields occur, the dielectric constant of the layer should be in the range of 
from about 4 to about 10 to limit the voltage drop across the dielectric layer. As a result, 
most of the voltage is across the "air" gap of the corona discharge device, and the efficiency 
of the device is maintained. 

However, depending on the design of the corona discharge device, the 

1 0 dielectric, due to its conductivity, may act as a shunt conductive path to ground that 

effectively reduces the current to the corona discharge. Where the corona discharge device 
is subject to shunt capacitive losses in the region of the base 47 that increase proportionally 
with increasing dielectric constant, a decision is often required during the design of a corona 
discharge device of this type, as to the relative importance of the voltage drop across the 

15 dielectric and the shunt capacitive losses in the base region. In practice, the careful design 
of the corona discharge device will minimize the effective area of the shunt capacitance and 
provide the lowest practical dielectric constant. 

Resistive losses also occur in dielectrics at high temperatures, and, thus, a 
dielectric material must be selected with sufficiently low conductivity, so that the resistive 

20 losses are acceptably low, or the corona discharge device must be operated in a chamber or 
shunt path off of the exhaust system to allow operation at a lower temperature. Other 
design issues include EMI, resistance to corrosion in the corrosive, high temperature 
environment, contamination, condensation of water during engine cool down, and vibration. 
For EMI, the corona discharge device and its power supply and leads must have sufficient 

25 shielding to meet automotive system EMI requirements. 

Material selection should account for high temperature behavior and the 
ability to withstand a corrosive environment that could limit the design life or performance 
of the device, e.g., high temperature diffusion of contaminants into the dielectric that could 
lower the resistivity of the dielectric below the required value for maximum efficiency, and 
30 possibly result in the formation of a partial or complete short circuit in the device. 

However, the corona discharge itself should naturally reduce or eliminate contamination of 
the device. 

The need for a high dielectric constant can be reduced or eliminated by 
placing the dielectric layer 43 on the inner surface of the outer electrode 42. Such a device 
35 50 is illustrated in Fig. 7. Because the electric fields that occur in the region of the outer 
electrode 42 are relatively low compared to those in the region of the center electrode 41, a 
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dielectric material having a low dielectric constant, i.e., on the order of from about 2 to 
about 3, may be used for the dielectric layer. This reduces shunt capacitive losses, while 
maintaining a limited voltage drop across the dielectric layer. 

It is also possible to use the exhaust pipe 12 or exhaust shunt 3 1 as a distant 

5 ground for the corona discharge device, eliminating the need for an outer electrode. Such a 
distant ground corona discharge device 60 is shown in Fig. 8, and only requires an inner 
electrode 41, preferably, with a sharp or small radius tip to promote breakdown, a dielectric 
insulator 43, and a base 47, which typically includes a ferrule 44 to provide the required seal 
and strain relief. Because a distant ground device is only subject to base loss 

10 considerations, such a device also allows the use of dielectric materials having a low 
dielectric constant. 

It may also be desirable in some applications to include one or more flame 
arresters in the design of the corona discharge device. Such a device is shown in Fig. 9, in 
which a corona discharge device 50 having an outer electrode 42 coated with a dielectric 

15 layer 43 is capped with a flame arrester 48 in the form of a wire screen. Such a flame 

arrester will prevent the ignition of exhaust gases containing fuel and oxygen during engine 

starts and misfires. 

The corona discharge devices shown in Fig. 6 and Fig. 7 resemble a large 
sparkplug in appearance. They have a center electrode 41 with a diameter of about 0. 1 to 

20 about 0.3 cm. The inner electrode 41, is inserted into and held in place by a hole in the 

dielectric layer 43 in the base 47. The dielectric material may be applied to either or both of 
the electrodes by anodizing, deposition, or other appropriate process known in the art. In 
devices where the dielectric layer 43 is positioned on the inner surface of the outer electrode 
42, the dielectric layer 43 basically forms a cup having a hole in its base to position the 

25 inner electrode. The outer electrode has an inner diameter of about 1 to about 2 cm and a 
length of about L5 to 3 cm. The dielectric layer has a base and wall thickness of about 1 to 
about 3 mm, which is chosen to provide the desired dielectric strength at the operating 
voltage of the corona discharge device. 

Fig. 15 is a cross section of a preferred embodiment of the corona discharge 

30 device 130 of the invention. The corona discharge device illustrated in Fig. 15 comprises a 
center high voltage electrode 131, a high temperature ceramic 133 that totally surrounds the 
high voltage electrode at the corona discharge end, a ground electrode 132 that also serves 
as the mounting element and seal surface to the gas flow region, and a thermally conductive 
shield 136 having apertures 134 over the corona discharge region 135. The shield serves 

35 several purposes: it acts as the ground surface for the corona discharge, it thermally shields 
the ceramic dielectric barrier from the bulk of the high temperature gas flow, and it allows 
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gas to flow in and out of the corona discharge region through slits in its surface from and to 
the core exhaust gas flow. The shield is thermally and electrically grounded to the exhaust 
manifold in order to effectively heat sink it, as the temperature of the exhaust pipe wall in 
an automobile is typically 200 °C less than the core exhaust gas temperature. Thus, an 

5 effective thermal ground to the exhaust pipe wall can significantly reduce the upper 

temperature limit to which the ceramic element is exposed. In addition, with the use of a 
ceramic with high thermal conductivity properties like alumina, the ceramic itself provides 
a good heat sink path to the manifold wall. This heat sink action serves to further reduce 
the temperature of the ceramic, and allows for a higher dielectric breakdown voltage, 

10 increasing the material selection options for the ceramic. 

Furthermore, in order to effect one piece construction, to create effective gas 
seals, and to preclude mechanical failures of the assembly the coefficients of expansion of 
the center electrode, the ceramic, and the mounting element/ground must be carefully 
matched. For example, in a typical case the choice of the ceramic might be electronic grade 

15 alumina. The center electrode should be chosen to have a coefficient of linear expansion 
greater than the ceramic so that it maintains the ceramic in compression. Useful materials 
having the proper coefficient of expansion include tungsten and molybdenum. The 
mounting element may also be formed from, for example, a typical FeNi sparkplug alloy, 
having a coefficient of linear expansion less than that of the ceramic, which will also 

20 maintain the ceramic in compression. The seals between these elements can be made, for 
example, by the use of a solder glass, appropriately coated on the regions between the 
elements to form the required seal. The assembly is then fired to effect the dual purpose of 
forming a permanent gas and a mechanical seal. 

The end of the center high voltage electrode is appropriately curved, so that 

25 the electric field formed at its surface is not significantly larger than the electric fields 
formed along its adjoining surfaces. This curvature is employed so that dielectric 
breakdown is not promoted in this region of the electrode/dielectric. The gap region 
between the outer surface of the dielectric and the inner surface of the ground shield for 
operation at near atmospheric pressure of the devices illustrated in Figs. 6 and 7 should be 

30 about 1 to about 1.5 mm in width, which corresponds to a breakdown field of between 
about 3 to about 4 kV and a field strength of about 25 to about 50 kV/cm at normal 
atmospheric pressure. 

As with the corona discharge device shown in Fig. 6, the corona discharge 
device illustrated in Fig. 15 comprises, generally cylindrical concentric electrodes 131 

35 andl32 and at least one dielectric layer!33 between inner eiectrodel31 and outer 
electrode 132, which, again, prevents point breakdown and maintains the non-thermal 
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plasma. In this embodiment, outer electrodei32 is a perforated metal cylinder, where the 
perforations L34 may be of any form that allows for a sufficient amount of gas to pass 
through the perforations 1 34, and enter the corona discharge region 135. Preferably, as 
shown in Fig. 16, the perforations are in the form of slots 141. The end 136 of the corona 

5 discharge device 130 may be open in the manner illustrated in Fig. 6, but is preferably 
closed, as shown in Fig. 15. Most preferably, as shown in Fig. 15, the end 136 of corona 
discharge device 130 is curved in a manner that matches any curvature at the end of inner 
electrodel3 1 . That is, the curvature of the end 136 of outer electrode 132 is substantially 
parallel to that of the end of inner electrode 131. 

10 As with the other embodiments of the corona discharge device described 

above, the dielectric layer may be placed adjacent to either the inner electrode, as shown in 
Fig. 6 or the outer electrode, as shown in Fig. 7. In a preferred embodiment, two layers of 
dielectric 151 and 152 are used as shown in Fig. 17. In this embodiment, a first dielectric 
151 is placed adjacent to, and preferably covers all of inner electrode 153. In addition, a 

15 second dielectric 152 is placed adjacent to the inner surface of outer electrode 154, such that 
the air gap 155 required to form the corona discharge is formed between the two dielectrics. 

In a further embodiment of the corona discharge device, as shown in Fig. 18, 
the slots 162 in the outer electrode 161 may have louvers 163. The louvers 163 help to 
direct gas through the slots 162 and into the corona discharge within corona discharge 

20 device, enhancing the exchange of gas. Because the louvers 163 may make the operation of 
corona discharge device sensitive to its position within the gas stream, the corona discharge 
device is preferably not installed with the threads 46 shown in Figs. 6, 7 and 8. Instead 
corona discharge device uses an indexing device, such as a pin to align the corona discharge 
device properly. A cap nut or other securing device, such as a spring clamp, is then placed 

25 over the corona discharge device and screwed into place on a mounting to hold the corona 
discharge device in place. 

Under normal operating conditions, the engine produces exhaust gas pressure 
oscillations having a frequency of about 30 to about 100 Hz and a peak to peak variation of 
about 20 to about 80 percent, depending upon the location in the exhaust system. These 

30 pressure oscillations provide an effective, continuous pumping action of the N0 2 produced 
in the non-thermal plasma into the exhaust stream. The pumping effect of the exhaust gas 
pumping oscillations for any of the corona discharge devices described above, where the 
discharge device 1 10 is installed at a point on the exhaust pipe 1 12 where the oscillations 
occur, in the manner shown in Fig. 13, where the discharge device 1 10 is mounted on a 

35 simple "T" 113 off the side of the exhaust pipe 1 12. The pumping effect and the total gas 
motion can be augmented with a plenum 1 14 as shown in Fig. 14. In addition, cooling fins 
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i 16 may be added to lower the operating temperature for the discharge device 110. As 
noted above, a cooler operating environment improves the efficiency of the corona 
discharge. 

Particulates in the exhaust gas in which NO is oxidized to N0 2 may be 

5 removed before the exhaust gas is exposed to the non-thermal plasma. For example, the 
exhaust gas may be taken from the downstream end of a particulate trap by diverting a 
portion of the exhaust gas leaving the particulate trap to a remote non-thermal plasma, such 
as the corona discharge produced by a corona discharge device, and introducing the output 
of the remote non-thermal plasma reactor into the exhaust stream upstream of the outlet of 

10 the particulate trap, as shown schematically in Fig. 4. By operating the corona discharge 
device in exhaust gas taken from the downstream end of the particulate trap, the corona 
operates in a cleaner environment, substantially free from the pollutants removed by the 
action of the trap. This results in an improved discharge device lifetime, and substantially 
eliminates fouling problems that may occur when the corona discharge device is exposed to 

15 a high level of particulates. 

As shown in Fig. 4, a portion of the cleaned exhaust gas stream 21 that has 
passed through the particulate trap 13 is taken from the rear exhaust pipe 22, and diverted to 
the remote non-thermal plasma reactor 23. The output 24 of the remote non-thermal plasma 
reactor 23 is enriched with N0 2 as a result of the action of the corona on the exhaust gas 21, 

20 and is introduced into the exhaust gases in the tailpipe 12 upstream of the outlet of the 

particulate trap 13. Because of the higher pressures in the exhaust system, pumping, such as 
with a Venturi (not shown), is required to accomplish direct injection of the output of a 
remote non- thermal plasma reactor into the exhaust gas stream. 

Preferably, the oxidation of NO to N0 2 occurs in the exhaust upstream of the 

25 outlet of the device for removing at least one of oxides of nitrogen, hydrocarbons, carbon 
monoxide, and particulates by a corona discharge device, placed in either the main exhaust 
pipe or in a shunt path in parallel with the main exhaust gas stream, as shown in Fig. 5. As 
shown in Fig. 5, a corona discharge device 30 is mounted in an exhaust shunt 3 1 in mount 
32. The exhaust shunt 3 1 allows a portion of the exhaust gas stream 18 to bypass a section 

30 of the exhaust pipe 12, by exiting the exhaust pipe 12 at a first point 35, typically upstream 
of the device for removing at least one of oxides of nitrogen, hydrocarbons, carbon 
monoxide, and particulates 13, and re-entering the exhaust pipe at a second point 36, which 
is typically upstream of the outlet of the device for removing at least one of oxides of 
nitrogen, hydrocarbons, carbon monoxide, and particulates 13. The exhaust pipe will 

35 preferably include a diverter or restrictive orifice 33 or other device to regulate or control 
the exhaust gas flow rate into the shunt. Such a shunt path is useful in that it allows the 



-24- 



WO 00/43469 



PCT/US0O/01574 



corona discharge device to be operated in a lower temperature environment than that of the 
exhaust gas stream. Preferably, the heat loss of the shunt path is improved by providing an 
increased surface area with, e.g., cooling fins 34 or similar devices. 

A lower temperature environment simplifies the design and choice of 
5 materials for the corona discharge device, particularly with regard to the electrical 

properties of the device during high temperature operation and its thermal design. This is 
particularly important, because the resistivity, loss tangent, and dielectric constant of the 
materials in the corona discharge device change with increasing temperatures. The change 
in these properties that occurs at high temperatures can seriously degrade the efficiency of 
1 0 the corona discharge device, decreasing the oxidation of NO, and, thus, increasing the 
emission of pollutants. Where a corona discharge device is operated in a high temperature 
environment, the choice of materials is limited to those that experience a limited 
degradation in electrical properties with increasing temperatures. However, where the 
corona discharge device is operated in a lower temperature environment, such as that of a 
1 5 shunt path or diesel exhaust, other, less expensive materials that possess the desired 
electrical properties at lower temperatures, but lack the desired properties at high 
temperature may be used. 

Operation at lower temperatures also reduces or eliminates problems related 
to a mismatch in the thermal coefficient of expansion of materials in the corona discharge 
20 device, its support, and the exhaust pipe. This reduces or eliminates strain induced material 
and seal failures, as well as failures caused by the numerous thermal cycles the corona 
discharge device will experience during the lifetime of the engine. 

A corona discharge device for use with the invention should preferably be 
capable of functioning for at least about 50,000 to about 100,000 miles in the high 
25 temperature environment of the exhaust stream of an internal combustion engine before 
replacement is required. Because of space limitations in modern automobiles, it is preferred 
that the corona discharge device have a small physical volume, i.e., on the order of the size 
of a typical spark plug, and require a power supply that is no larger than about 1,200 to 
about 1,600 cc. In certain embodiments, in addition to operating at a temperature on the 
30 order of about S00°C, the corona discharge device must meet automotive electromagnetic 
interference (EMI) requirements, be readily replaceable, and be capable of withstanding 
thousands of thermal transients of about 800°C during start-up and cool down of the engine, 
as well as several million smaller thermal transients in which the change in temperature is 
on the order of about 200 °C. In a preferred corona discharge device, for use with an engine 
35 having a rated output of about 200 horsepower, about 10 to about 50 W of high frequency, 
high voltage average power is required, i.e., from about 1,000 to about 1,000,000 Hz and 
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from about 5,000 to about 20,000 V. However, under some transient operating conditions, 
such as engine cold or warm starts, a greater corona discharge output may be desired. In 
this case the corona device would require operation at higher power levels of up to 50 to 
1000 watts. This transient power condition can be met by upping the frequency voltage 

5 product to the corona device by a factor of 5 to 10 for such periods, which typically range 
from about 30 to about 100 sec. This can be accomplished through proper corona unit high 
voltage power system design, and the use of control signals from the engine controller or 
local startup temperature readings. 

It is also anticipated that, during cold start operation, it may be desirable to 

10 expose a greater amount of the exhaust stream to the non-thermal plasma produced by the 
corona discharge device. This may be accomplished by placing a cold start gas diverter 171 
into the gas stream, as shown in Figs. 19 and 20. This diverter 171 may be a simple flap in 
the exhaust stream that is positioned to divert a greater flow of gas through the corona 
discharge device when the exhaust system is cold. The diverter 171 may be controlled by 

15 electric servos or vacuum actuators and a temperature sensor. However, the diverter 171 
may be most easily positioned by using a strip of bimetallic material. As the temperature of 
the exhaust system increases, one side of the bimetallic material will expand more than the 
other, causing the diverter 171 to open, as shown by the arrows in Figs. 19 and 20, allowing 
more of the exhaust gas to pass through the main part of the exJiaust pipe. Similarly, where 

20 a shunt 3 1 is used, such as that illustrated in Figs. 5 and 20, the diverter 171 can be used to 
force a major portion of the exhaust gas through the shunt during cold start or other specific 
operating conditions, but allow most of the gas to pass through the main pipe during normal 
operating conditions. 

The corona discharge device 200 illustrated in Fig. 21 comprises a high 

25 voltage electrode with a circular end 204, which defines the outer boundary of the discharge 
space, a dielectric insert 205, and a ground electrode 203. The dielectric insert provides 
insulation between the high voltage and the ground electrode and also serves to create the 
dielectric region 201 between the two electrodes. The gap between the high voltage 
electrode and the dielectric surface is the discharge space 201. The ground electrode also 

30 serves as the mounting nut, and is equipped with mounting threads 206. The corona device 
is mounted onto a female threaded boss on the exhaust manifold by means of the ground 
electrode mounting threads. The design in Fig. 21 allows the exhaust gas to freely flow 
through the discharge space between the high voltage electrode and the ceramic outer 
surface. The upper temperature limit to which the ceramic element is exposed is minimized 

35 by heat sinking it to the ground electrode, minimizing its thickness, and selecting a ceramic 
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with a high thermal conductivity. Alumina ceramic is a good candidate material, possessing 
a high conductivity and excellent high temperature dielectric strength. 

In the design shown in Fig. 21, the alumina barrier, which is only about 1 to 
about 2 mm thick, is heat sunk over half its surface area to the metal ground electrode, 

5 which is in turn grounded to the exhaust manifold outer wall. The heat sinking and thinness 
limit the upper temperature limit at which the ceramic must operate, and therefore reduces 
the probability of dielectric breakdown, as the exhaust manifold outer wall runs at a 
temperature of about 200 °C less than the core flow temperature of the exhaust gas with an 
internal combustion engine. 

10 A disadvantage of the design shown in Fig. 2 1 is the possible establishment 

of an arc breakdown from the high voltage electrode along the dielectric and around the 
outer edge of the dielectric to ground. A design improvement is shown in Fig. 22 that 
minimizes this effect. In this case significant portions of the edges of the dielectric 205 are 
raised to create a longer path along which any arc would need to traverse; thus helping to 

1 5 prevent breakdown. As shown two opposite gaps in this edge need to be provided to allow 
the exhaust gas to flow through the discharge region. In order to maintain a long surface 
discharge path in this case the high voltage electrode 204 is correspondingly indented. In 
this design, the gaps in the raised edge 207 of the dielectric need to be aligned perpendicular 
with the flow. One of the possible means of effecting this alignment is to index the 

20 mounting threads 206 in the corona device and its mounting boss 210 such that when the 
corona device is seated in the exhaust pipe 211, the gap regions are in proper alignment to 
the flow. 

Fig. 23 illustrates a typical configuration for the present invention when used 
in conjunction with a modern automobile engine 11, which is preferably a lean burn spark 

25 ignition engine or a diesel engine, but may also a stoichiometric engine, i.e., one that 

operates on a stoichiometric air/fuel mixture. As shown in Fig. 23, engine 1 1 produces an 
exhaust gas stream 18, which passes from the engine 11 through exhaust manifold 15, and 
passes through exhaust pipe 12. A device for producing a non-thermal plasma 14 is 
preferably positioned within the exhaust gas stream 18 within exhaust pipe 12, but may also 

30 be positioned remotely or in a shunt, as discussed above. However, the device for 

producing a non-thermal plasma 14 is preferably positioned within the exhaust gas stream 
1 8 upstream or at the at least one device for removing at least a portion of at least one of 
oxides of nitrogen, hydrocarbons, carbon monoxide, and particulates 13 in the exhaust gas, 
which is typically positioned such that the exhaust gas stream 18 passes through device 13. 

35 Device 13 is typically a selective catalytic reduction catalyst, particulate trap, selective 
^catalytic reduction catalyst coated particulate trap, oxide of nitrogen storage and reduction 
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catalyst, oxidation catalyst, or three-way catalyst. However, where either an oxidation 
catalyst or three-way catalyst the device is used in the invention, the oxidation catalyst or 
three-way catalyst is typically positioned at position 16, downstream of device 13, which is 
preferably at least one of a selective catalytic reduction catalyst, particulate trap, selective 

5 catalytic reduction catalyst coated particulate trap, or oxide of nitrogen storage and 
reduction catalyst. The device 13 is positioned at the underbody of the automobile (not 
shown), and is situated in the exhaust gas stream 18 from the engine, in the exhaust pipe 12 
downstream from the exhaust manifold 15, and before the muffler 17. 

While it is apparent that the invention disclosed herein is well calculated to 

10 fulfill the objects stated above, it will be appreciated that numerous modifications and 
embodiments may be devised by those skilled in the art. Therefore, it is intended that the 
appended claims cover all such modifications and embodiments that fall within the true 
spirit and scope of the present invention. 

15 
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THE CLAIMS 

What is claimed is: 

1 . An apparatus for removing at least a portion of at least one pollutant 
in an exhaust gas stream containing exhaust gas formed from the combustion of fuel in a 

5 lean burn engine, the apparatus comprising: 

at least one device for removing at least a portion of at least one of oxides of 
nitrogen, hydrocarbons, carbon monoxide, and particulates in the exhaust gas, the device 
having an inlet and an outlet, wherein the device is selected from the group consisting of 
selective catalytic reduction catalysts, particulate traps, selective catalytic reduction catalyst 

10 coated particulate traps, oxide of nitrogen storage and reduction catalysts, oxidation 
catalysts, and three-way catalysts, and is positioned, such that at least a portion of the 
exhaust gas stream from the lean bum engine passes through the device; and 

at least one device for producing a non-thermal plasma in at least a portion of 
the exhaust gas stream; 

15 wherein at least a portion of the exhaust gas stream is exposed to the 

non-thermal plasma, and at least a portion of that portion of the exhaust gas stream exposed 
to the non- thermal plasma is introduced into the exhaust gas stream at a point upstream of 
or at the at least one device for removing at least one of oxides of nitrogen, hydrocarbons, 
carbon monoxide, and particulates. 

20 

2. The apparatus of claim 1, further comprising at least one additional 
device for removing at least a portion of at least one of oxides of nitrogen, carbon 
monoxide, hydrocarbons, and particulates in the exhaust gas, the device having an inlet and 
an outlet, wherein the device is selected from the group consisting of selective catalytic 

25 reduction catalysts, particulate traps, selective catalytic reduction catalyst coated particulate 
traps, oxide of nitrogen storage and reduction catalysts, oxidation catalysts, and three-way 
catalysts, and is positioned such that at least a portion of the exhaust gas stream from the 
lean burn engine passes through the additional device after passing through the device for 
removing at least a portion of at least one of oxides of nitrogen, hydrocarbons, carbon 

30 monoxide, and particulates in the exhaust gas. 

3. The apparatus of claim 2, wherein the at least one additional device is 
an oxidation catalyst for removing at least one of carbon monoxide and hydrocarbons. 

35 
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4. The apparatus of claim 2, wherein the at least one additional device is 
a three-way catalyst for removing at least one of oxides of nitrogen, carbon monoxide, and 
hydrocarbons. 

5 5. The apparatus of claim 1, wherein the lean burn engine is selected 

from the group consisting of lean bum spark ignition engines, compression ignition engines, 
and turbine engines. 

6. The apparatus of claim 1, wherein at least a portion of the 
10 non-thermal plasma is positioned within the exhaust gas stream. 

7. The apparatus of claim 1, wherein the device for producing a 
non-thermal plasma in the exhaust gas comprises a corona discharge device. 

15 8. The apparatus of claim 7, wherein the corona discharge device 

comprises at least one first electrode, at least one second electrode positioned a distance 
from the first electrode, and dielectric material positioned between the first electrode and 
the second electrode. 

20 9. The apparatus of claim 7, further comprising a high frequency power 

supply having an operational frequency of at least about 1,000 Hz adapted to provide 
electrical power to the corona discharge device. 

10. The apparatus of claim 9, wherein the lean burn engine has a rated 
25 power output, and the power supply requires no more than about 0.1 percent of the rated 

power output of the lean burn engine. 

11. The apparatus of claim 9, wherein the power supply requires no more 
than about 0.01 percent of the rated power output of the lean burn engine. 

30 

12. The apparatus of claim 1, further comprising an exhaust pipe attached 
to the inlet of the at least one device for removing at least one of oxides of nitrogen, 
hydrocarbons, carbon monoxide, and particulates, such that the exhaust gas stream has a 
direction of flow, and at least a portion of the exhaust gas stream passes through the exhaust 

35 . pipe to and through the at least one at least one device for removing at least one of oxides of 
nitrogen, hydrocarbons, carbon monoxide, and particulates, wherein the exhaust pipe 
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comprises a fitting for positioning the device for producing a non-thermal plasma in the 
exhaust stream or a portion thereof, so that a non-thermal plasma is produced in the exhaust 
stream upstream of or at the at least one at least one device for removing at least one of 
oxides of nitrogen, hydrocarbons, carbon monoxide, and particulates. 

5 

13. The apparatus of claim 12, wherein the fitting has an axis that is at an 
angle to the direction of flow of the exhaust gas stream. 

14. The apparatus of claim 1 , wherein the at least one device for 
10 removing at least one of oxides of nitrogen, hydrocarbons, carbon monoxide, and 

particulates is a selective catalytic reduction catalyst. 

1 5. The apparatus of claim 14, wherein the non-thermal plasma and 
selective catalytic reduction catalyst are configured to provide an effective operational range 

15 of at least about 500°C. 

16. The apparatus of claim 14, wherein the selective catalytic reduction 
catalyst is a catalyst that reduces the oxides of nitrogen with at least one of hydrocarbons 
and ammonia. 

20 

17. The apparatus of claim 14, wherein the apparatus is configured and 
adapted for injecting at least one of hydrocarbons and ammonia into the exhaust gas stream 
upstream of or at the selective reduction catalyst. 

25 18. The apparatus of claim 14, wherein the selective catalytic reduction 

catalyst is selected from the group consisting of precious metals, base metals on acidic 
supports, and solid oxides. 

19. The apparatus of claim 18, wherein the base metals have acidic 

30 supports, 

20. The apparatus of claim 18, wherein the solid oxides are acidic. 

21. The apparatus of claim 18, wherein the precious metal is platinum. 

35 
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22. The apparatus of claim 18, wherein the base metal is copper, and the 
acid support is a zeolite. 

23. The apparatus of claim 14, wherein the apparatus is configured and 
5 adapted to oxidize NO to N02 within the non-thermal plasma at a first lower temperature, 

and to oxidize at least one of hydrocarbons and ammonia with oxygen at a second higher 
temperature. 

24. The apparatus of claim 23, wherein the first lower temperature is 
10 about 100°C, and the second higher temperature is at least about 500°C. 

25. The apparatus of claim 1, wherein the at least one device for 
removing at least one of oxides of nitrogen, hydrocarbons, carbon monoxide, and 
particulates is a particulate trap. 

15 

26. The apparatus of claim 1, wherein the at least one device for 
removing at least one of oxides of nitrogen, hydrocarbons, carbon monoxide, and 
particulates is a selective catalytic reduction catalyst coated particulate trap. 

20 27. The apparatus of claim 26, wherein the non-thermal plasma is 

positioned in the exhaust gas stream upstream or at the selective catalytic reduction catalyst 
coated particulate trap. 

28. The apparatus of claim 1, wherein the at least one device for 
25 removing at least one of oxides of nitrogen, hydrocarbons, carbon monoxide, and 

particulates is an oxide of nitrogen storage and reduction catalyst. 

29. The apparatus of claim 28, wherein the oxide of nitrogen storage and 
reduction catalyst is substantially free of platinum to avoid oxidation of S0 2 . 

30 

30. A method for removing at least a portion of at least one pollutant in 
an exhaust gas stream containing exhaust gas formed from the combustion of fuel in a lean 
burn engine, the method comprising: 

passing the exhaust gas stream through at least one device for removing at 
35 least a portion of at least one of oxides of nitrogen, hydrocarbons, carbon monoxide, and 
particulates in the exhaust gas, the device having an inlet and an outlet, wherein the device 
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is selected from the group consisting of selective catalytic reduction catalysts, particulate 
traps, selective catalytic reduction catalyst coated particulate traps, oxide of nitrogen storage 
and reduction catalysts, oxidation catalysts, and three-way catalysts; 

exposing at least a portion of the exhaust gas stream to a non-thermal 

5 plasma, and 

introducing the exhaust gas stream that was passed through the non-thermal 
plasma into the exhaust gas stream upstream of or at the device for removing at least one of 
the oxides of nitrogen, hydrocarbons, carbon monoxide, and particulates. 

IQ 31. The method of claim 30, further comprising selecting the lean burn 

engine from the group consisting of lean burn spark ignition engines, compression ignition 
engines, and turbine engines. 

32. The method of claim 30, further comprising operating the lean burn 
1 5 engine in lean burn mode continuously. 

33. The method of claim 30, further comprising passing the exhaust gas 
stream through at least two devices device for removing at least a portion of at least one of 
oxides of nitrogen, hydrocarbons, carbon monoxide, and particulates in the exhaust gas. 

20 

34. The method of claim 30, further comprising positioning a first device 
for removing at least a portion of at least one of oxides of nitrogen, hydrocarbons, carbon 
monoxide, and particulates upstream of a second device for removing at least a portion of at 
least one of oxides of nitrogen, hydrocarbons, carbon monoxide, and particulates, such that 

25 the exhaust gas stream passes through the first device before passing through the second 
device. 

35. The method of claim 30, further comprising operating the lean bum 
engine on a stoichiometric or rich fuel mixture when the lean burn engine is under a load 

30 that requires a increased power output, and on a lean fuel mixture when the lean burn engine 
is under a reduced load. 

36. The method of claim 30, further comprising producing the 
non-thermal plasma using a corona discharge device, which comprises a first electrode, a 

35 second electrode positioned a distance from the first electrode, and a dielectric material 
positioned between the first electrode and the second electrode. 
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37. The method of claim 36, further comprising providing electrical 
power to the corona discharge device with a high frequency power supply having an 
operational frequency of at least about 1,000 Hz. 

5 38. The method of claim 30, further comprising oxidizing NO in the 

exhaust stream to N02 with the non-thermal plasma. 

39. The method of claim 38, further comprising oxidizing NO to N02 at 
a temperature of about 100°C. 

10 

40. The method of claim 30, further comprising selecting a selective 
catalytic reduction catalyst as the at least one device for removing at least a portion of at 
least one of oxides of nitrogen, hydrocarbons, carbon monoxide, and particulates in the 
exhaust gas. 

15 

41 . The method of claim 40, further comprising positioning an oxidation 
catalyst downstream of the selective reduction catalyst to remove residual hydrocarbons and 
carbon monoxide, 

20 42. The method of claim 40, further comprising positioning a particulate 

trap downstream of the selective reduction catalyst 

43 . The method of claim 42, further comprising positioning an oxidation 
catalyst downstream of the particulate trap 

25 

44. The method of claim 40, further comprising positioning a three-way 
catalyst downstream of the selective reduction catalyst to remove residual hydrocarbons, 
carbon monoxide, and oxides of nitrogen. 

30 45. The method of claim 40, further comprising reducing NOx to N2 by 

contacting the exhaust gas stream containing the N02 formed by oxidizing NO with the 
selective reduction catalyst. 

46. The method of claim 45, further comprising contacting the N02 with 
35 at least one of hydrocarbons or ammonia in the selective reduction catalyst. 
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47. The method of claim 46, further comprising oxidizing at least one of 
hydrocarbons and ammonia within the selective reduction catalyst at a temperature of at 
least about 500°C. 

5 48. The method of claim 47, further comprising oxidizing at least one of 

hydrocarbons and ammonia within the selective reduction catalyst at a temperature of at 
least about 700°C. 

49. The method of claim 30, further comprising selecting a particulate 
10 trap as the at least one device for removing at least a portion of at least one of oxides of 

nitrogen, hydrocarbons, carbon monoxide, and particulates in the exhaust gas. 

50. The method of claim 49, further comprising trapping particulates 
with the particulate trap, and contacting the particulates in the trap with the N02 produced 

15 in the non-thermal plasma, enhancing the oxidation of the particulates on the particulate trap 
surface with the N02. 

51. The method of claim 50, further comprising enhancing the oxidation 
of the particulates continuously with N02 to avoid blocking the particulate trap, resulting in 

20 a build-up of back pressure. 

52. The method of claim 30, further comprising selecting a selective 
catalytic reduction catalyst coated particulate traps as the at least one device for removing at 
least a portion of at least one of oxides of nitrogen, hydrocarbons, carbon monoxide, and 

25 particulates in the exhaust gas. 

53. The method of claim 30, further comprising selecting an oxide of 
nitrogen storage and reduction catalyst as the at least one device for removing at least a 
portion of at least one of oxides of nitrogen, hydrocarbons, carbon monoxide, and 

30 particulates in the exhaust gas. 

54. The method of claim 53, further comprising storing N02 on the 
nitrogen storage and reduction catalyst surface during lean burn operation of the lean bum 
engine. 

35 
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10 



55. The method of claim 54, further comprising periodically operating 
the lean burn engine on a stoichiometric or rich air fuel mixture, releasing the oxides of 
nitrogen from the catalyst surface, and reducing the oxides of nitrogen to N2 with a 
three-way catalyst. 

56. The method of claim 30, further comprising selecting an oxidation 
catalyst as the at least one device for removing at least a portion of at least one of oxides of 
nitrogen, hydrocarbons, carbon monoxide, and particulates in the exhaust gas. 

57. The method of claim 30, further comprising selecting a three-way 
catalyst as the at least one device for removing at least a portion of at least one of oxides of 
nitrogen, hydrocarbons, carbon monoxide, and particulates in the exhaust gas. 
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